Suppression of Muscle Fate by Cellular Interaction Is Required for Mesenchyme Formation during Ascidian Embryogenesis  by Kim, Gil Jung & Nishida, Hiroki
Developmental Biology 214, 9–22 (1999)
Article ID dbio.1999.9402, available online at http://www.idealibrary.com onSuppression of Muscle Fate by Cellular Interaction
Is Required for Mesenchyme Formation during
Ascidian Embryogenesis
Gil Jung Kim1 and Hiroki Nishida
Department of Life Science, Tokyo Institute of Technology, Nagatsuta, Midori-ku,
Yokohama 226-8501, Japan
The tadpole larva of the ascidian Halocynthia roretzi has several hundred mesenchyme cells in its trunk. Mesenchyme cells
are exclusively derived from the B8.5 and B7.7 blastomere pairs of the 110-cell embryo. It has been believed that
specification of mesenchyme cells is an autonomous process. In the present study, we have demonstrated that
presumptive-mesenchyme blastomeres isolated from early 32-cell embryos did not express mesenchyme-specific features,
whereas those isolated after the late 64-cell stage developed mesenchyme markers autonomously. Results of experiments
involving coisolation and recombination of blastomeres showed that cellular interaction with adjacent presumptive-
endoderm blastomeres during the late 32- and early 64-cell stages is required for mesenchyme formation. When such
interaction was absent, the presumptive-mesenchyme blastomeres developed into muscle cells. Therefore, a signal from
endoderm precursor blastomeres promotes mesenchyme fate, suppressing the muscle fate that is specified by ooplasmic
muscle determinants. In Halocynthia, the muscle actin gene was precociously activated in mesenchyme–muscle precursor
blastomeres at the 32-cell stage, and the mesenchyme and muscle fates were separated into two daughter blastomeres at the
next cleavage. In presumptive-mesenchyme blastomeres at the 64-cell stage, expression of the muscle actin gene was
immediately down-regulated by the signal from the neighboring endoderm precursor blastomeres. Thus, mesenchyme
formation involves a novel mechanism of fate specification in ascidians, where formation of mesenchyme cells requires
cellular interaction that suppresses muscle fate in the mesenchyme precursor blastomeres. © 1999 Academic PressKey Words: ascidian embryogenesis; mesenchyme formation; cellular interaction; muscle determinants.
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Ascidian embryos develop into tadpole larvae, which
have a primitive chordate body plan. As in other chordate
embryos, formation of the mesoderm in ascidian embryos
occurs in the marginal zone. In ascidians, the major embry-
onic mesoderm consists of notochord, muscle, and mesen-
chyme (Conklin, 1905; Nishida, 1997; see Fig. 8). Among
these, notochord formation in the anterior region is induced
by cellular interaction with adjacent primordial endoderm
blastomeres as well as with neighboring presumptive–
notochord blastomeres (Nakatani and Nishida, 1994). Na-
katani et al. (1996) have also demonstrated that basic
fibroblast growth factor (bFGF) has notochord-inducing
activity. This interaction induces the expression of1 To whom correspondence should be addressed. Fax: 181-45-
924-5777. E-mail: gikim@bio.titech.ac.jp.
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All rights of reproduction in any form reserved.rachyury homolog (As-T) in notochord precursors. By
ontrast, specification of muscle fate is an autonomous
rocess that requires no cellular interaction. The develop-
ental fate of muscle in the posterior region is determined
y the asymmetric partitioning of muscle determinants
hich are localized in the egg cytoplasm (Nishida, 1992).
The mechanisms of fate determination of mesenchyme
ells in the posterolateral region are poorly understood.
everberi and Minganti (1946) reported that presumptive-
esenchyme blastomeres isolated from 8-cell embryos au-
onomously develop into partial embryos that have mesen-
hyme cells as well as muscle and endoderm, on the basis of
orphological criteria. Recently, Araki et al. (1996) con-
cluded that cell–cell contact before the 8-cell stage is not
required for specification of mesenchyme cells, using a
cytoskeletal actin cDNA as a molecular marker for mesen-
chyme formation. However, the results of blastomere iso-
lation at early stages do not exclude the possibility that
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10 Kim and Nishidacellular interaction occurs within the partial embryos.
Mesenchyme-lineage blastomeres isolated from 8-cell em-
bryos also have the ability to give rise to cells of other
tissues. Nonmesenchyme cells, such as muscle and
endoderm cells, might induce the differentiation of mesen-
chyme cells through cellular interaction within the partial
embryos. Indeed, a similar event has been demonstrated by
Nakatani and Nishida (1994). Based on the results of blas-
tomere isolation at the 8-cell stage, formation of the noto-
chord was once thought to be an autonomous process
(Reverberi and Minganti, 1946). However, recent experi-
ments involving detailed isolation and recombination of
blastomeres at later cleavage stages have demonstrated that
the notochord is induced at the 32-cell stage. Therefore,
more precise experiments should be carried out to establish
whether the formation of mesenchyme cells is an autono-
mous process.
Ascidian embryos are bilaterally symmetrical. As shown
in Fig. 1, all mesenchyme cells are derived from the bilat-
eral B4.1 blastomere pair of the 8-cell embryo. At the 16-cell
stage, the mesenchyme lineage separates into two branches
(Fig. 1G). The ability to produce mesenchyme cells is
inherited by the B5.1 and B5.2 blastomere pairs of the
16-cell embryo, the B6.2 and B6.4 blastomere pairs of the
32-cell embryo, and the B7.3 and B7.7 blastomere pairs of
the 64-cell embryo. At the 64-cell stage, the fate of the B7.7
blastomere pair becomes restricted to exclusive mesen-
chyme production. In another lineage, the mesenchyme
fate of B7.3 is segregated into one of its daughter cells at the
110-cell stage, B8.5, whose developmental fate also be-
comes restricted to mesenchyme (Nishida, 1987). These
primordial mesenchyme blastomeres at the late blastula
stage will divide at least seven or eight times before
hatching to produce several hundred mesenchyme cells
(Satoh, 1994). On each side of the trunk region of the
ascidian tadpole larva, there is a cluster of mesenchyme
cells (Fig. 1F). These mesenchyme cells, which are nearly
spherical and smaller than the cells of other tissues in the
larva, have a less granular cytoplasm and contain fewer yolk
granules than the surrounding cells (Katz, 1983). It has been
reported that most of the mesenchyme cells give rise to
tunic cells in the adult organism after metamorphosis
(Hirano and Nishida, 1997).
We have produced two monoclonal antibodies, Mch-3
and Mch-1, that specifically recognize differentiating mes-
enchyme cells, and are useful as molecular probes for
evaluating mesenchyme formation in embryonic manipu-
lation experiments (Kim and Nishida, 1998). Taking advan-
tages of the detailed descriptions of cell lineages and of the
simplicity of ascidian embryos, the mechanisms involved
in the formation of mesenchyme cells were analyzed at the
single-cell level. In the present study, we carried out isola-
tion and recombination of blastomeres at various embry-
onic stages. The results showed that development of mes-
enchyme cells is not an autonomous process, and that
cellular interaction with adjacent endoderm precursor blas-
tomeres is essential for specification of mesenchyme cells
s
s
Copyright © 1999 by Academic Press. All righturing ascidian embryogenesis. A signal from endoderm
recursor blastomeres promotes mesenchyme fate and sup-
resses the muscle fate specified by ooplasmic muscle
eterminants.
MATERIALS AND METHODS
Animals and embryos. Naturally spawned eggs of Halocynthia
oretzi were artificially fertilized with a suspension of nonself
perm and raised in Millipore-filtered (pore size, 0.45 mm) seawater
ontaining 50 mg/ml streptomycin sulfate and 50 mg/ml kanamycin
ulfate at 13°C. At 13°C, tadpole larvae hatched approximately 35 h
fter fertilization.
Isolation of blastomeres. Fertilized eggs were manually de-
itellinated with sharpened tungsten needles and reared in 0.9%
gar-coated plastic dishes filled with filtered seawater. Identified
lastomeres were isolated from the embryos with a fine glass
eedle under a stereomicroscope (SZH-10, Olympus). Isolated
lastomeres were cultured separately to develop into partial em-
ryos until the hatching stage.
Recombination of blastomeres. At the early 32-cell stage (be-
ween 10 and 40 min after formation of the B6.2 blastomeres), a
resumptive-mesenchyme blastomere and a putative-inducer blas-
omere were isolated separately from the embryos. They were
nduced to adhere firmly to each other by treatment with 30%
w/v) polyethylene glycol dissolved in water (Nakatani and
ishida, 1994). After incubation for 30 s, the adhered blastomeres
ere washed, transferred to filtered seawater, and cultured as
artial embryos. Recombined blastomeres adhered firmly to each
ther, but fusion of the blastomeres never occurred.
Immunofluorescence staining. Specimens were fixed after the
atching stage for 10 min in methanol at 220°C. Indirect immuno-
uorescence was carried out by standard methods using a FITC-
onjugated secondary antibody (Cappel, Ohio). Formation of mesen-
hyme cells in the partial embryos was monitored by staining with
he Mch-3 and Mch-1 antibodies (Kim and Nishida, 1998). The
onoclonal antibody Mu-2 was used for monitoring muscle forma-
ion. Mu-2, which recognizes the myosin heavy chain in differenti-
ted muscle cells of Halocynthia larvae (Nishikata et al., 1987), was
indly provided by Dr. T. Nishikata (Konan University, Japan).
In situ hybridization. Specimens were hybridized in situ using
digoxigenin (DIG)-labeled HrMA4 antisense probe. HrMA4 en-
odes Halocynthia muscle actin and was kindly provided by Dr. N.
atoh (Kyoto University, Japan). Detection of mRNA was carried
ut essentially according to the protocol of Wada et al. (1995).
pecimens were fixed in 4% paraformaldehyde, 0.5 M NaCl, and
.1 M Mops (pH 7.5) for 12 h at 4°C. After washing with phosphate-
uffered saline containing 0.1% Tween 20 (PBT), the fixed speci-
ens were partially digested with 2 mg/ml proteinase K (Sigma) in
PBT for 30 min at 37°C. After prehybridization for 1 h at 50°C, the
specimens were allowed to hybridize with the DIG-labeled anti-
sense probe for 16 h at 50°C. The probe was prepared according to
the supplier’s instructions (DIG RNA Labeling kit; Boehringer-
Mannheim, Germany). The specimens were then treated with
20 mg/ml RNase A (Sigma) for 20 min at 37°C. After washing,
he specimens were incubated with a 2000-fold diluted solution
f alkaline phosphatase-conjugated DIG-specific antibody
Boehringer-Mannheim) in PBT for 16 h at 4°C. The specimens
ere washed in PBT several times at room temperature, and theignals were visualized using BM purple alkaline phosphatase
ubstrate (Boehringer-Mannheim).
s of reproduction in any form reserved.
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11Specification of Ascidian Mesenchyme CellsRESULTS
Mesenchyme Formation Is Not a Cell-Autonomous
Process
To examine whether the development of mesenchyme
cells is an autonomous process or requires communication
with other blastomeres, the presumptive-mesenchyme
blastomeres were manually isolated at various stages from
the 8- to 110-cell stage. They were then cultured separately
as partial embryos until the hatching stage. Formation of
mesenchyme cells in the partial embryos was monitored by
observing the expression of the Mch-3 and Mch-1 antigens.
The Mch-3 antigen is expressed in all mesenchyme cells
and is a panmesenchyme marker, whereas the Mch-1 anti-
gen is expressed only in B5.1-line mesenchyme cells (Kim
and Nishida, 1998).
The results of isolation at various cleavage stages are
summarized in Table 1 and Fig. 1G. When the presumptive-
mesenchyme blastomeres were isolated at the 8-cell stage,
the B4.1 partial embryos expressed the Mch-3 antigen (Fig.
2A). The Mch-3 antibody recognized small particles in
relatively smaller cells of the partial embryos. The staining
pattern of the Mch-3 antigen in partial embryos looked
similar to that in larval mesenchyme cells (Figs. 1H and 1I).
When isolation was carried out at the 16-cell stage, the B5.1
partial embryos that were derived from the 16-cell embryos
also expressed the Mch-3 antigen (Fig. 2B). By contrast, the
partial embryos that were derived from the B5.2 blas-
tomeres of 16-cell embryos expressed the Mch-3 antigen in
only 1 of 39 cases (Fig. 2F). When the B6.2 and B6.4
blastomeres were isolated at the 32-cell stage, the resulting
partial embryos expressed the Mch-3 antigen in 13 and 0%
TABLE 1
Expression of Mesenchyme-Specific Antigens in Partial Embryos D
Blastomeres at Various Stages
Stage of isolation Blastomeresa
Partial e
the Mc
8 cell B4.1
16 cell B5.1
B5.2
32 cell B6.2
B6.4
64 cell B7.3
B7.7
110 cell B8.5
B7.7
Note. Blastomeres were identified and isolated manually with a
esenchyme-specific antigens was examined.
a See Fig. 1 for nomenclature and positions of presumptive-meseof cases, respectively (Figs. 2C and 2G). When isolation was
done at the 64- and 110-cell stages, most of the B7.3, B7.7,
Copyright © 1999 by Academic Press. All rightnd B8.5 partial embryos were stained positively for the
ch-3 antigen (Figs. 2D, 2E, 2H, and 2I).
These results were partially confirmed by examining the
xpression of the Mch-1 antigen in the partial embryos.
xpression of the Mch-1 antigen, if any, was observed only
n the partial embryos that had originated from the descen-
ants of the B5.1 blastomeres (B5.1-line blastomeres), be-
ause the Mch-1 antigen is expressed only in B5.1-line
esenchyme cells of the larva, as mentioned above (Kim
nd Nishida, 1998). The B4.1, B5.1, B7.3, and B8.5 partial
mbryos expressed the Mch-1 antigen, whereas the B6.2
artial embryos did not (Table 1, Figs. 2J–2N).
Thus, development of mesenchyme cells may not be an
utonomous process. It is plausible that mesenchyme fate
s determined through cellular interaction by the 64-cell
tage, as formation of mesenchyme becomes cell-
utonomous at this stage. These results suggest that the
6.1 blastomere (colored yellow in Figs. 1C and 1G) is an
nducer, because the B6.2 and B5.2 blastomeres lost the
bility for autonomous development after separation of the
6.1 blastomere in the lineage tree. Cellular interaction
ight occur within the B4.1 and B5.1 partial embryos, as
he B6.1 fate is included in these embryos. The B6.1
lastomere is an endoderm precursor, and suitably posi-
ioned for mesenchyme induction in the 32-cell embryo
Fig. 1C).
Presumptive-Mesenchyme Blastomeres Acquire the
Ability for Autonomous Development during the
Late 32- and Early 64-Cell Stages
To precisely determine the time at which presumptive-
mesenchyme blastomeres acquire the ability to develop
ed from Isolated Mesenchyme-Lineage
os that expressed
ntigen/examined
bryos
Partial embryos that expressed
the Mch-1 antigen/examined
embryos
3 (93%) 41/48 (85%)
8 (83%) 49/61 (80%)
9 (3%) 0/48 (0%)
3 (13%) 0/40 (0%)
0 (0%) 0/38 (0%)
4 (87%) 34/45 (76%)
8 (63%) 0/41 (0%)
5 (81%) 25/38 (66%)
6 (77%) 0/42 (0%)
glass needle and allowed to develop, and then expression of the
me blastomeres in the Halocynthia embryo.eriv
mbry
h-3 a
em
68/7
40/4
1/3
11/8
0/6
47/5
24/3
61/7
43/5
fineautonomously, the blastomeres were isolated at 10-min
intervals during the 32-cell stage. When B6.2 and B6.4
s of reproduction in any form reserved.
12 Kim and NishidaFIG. 1. Schematic diagrams illustrating ascidian embryos at various stages (A–F). The mesenchyme-lineage blastomeres are colored green.
Putative inducer blastomeres for formation of mesenchyme cells are colored yellow. (A) 8-cell embryo. Lateral view. Anterior is to the right.
(B) Vegetal views of the 16-cell embryo. Anterior is up. (C) The 32-cell embryo. (D) The 64-cell embryo. (E) The 110-cell embryo. The names
of mesenchyme-lineage blastomeres and putative inducer blastomeres (B6.1) are shown. (F) Middle tailbud embryo. (G) Lineage tree that is
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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13Specification of Ascidian Mesenchyme Cellsblastomeres were isolated from the early 32-cell embryos,
the partial embryos scarcely expressed the Mch-3 antigen
(Fig. 3A). However, when B6.2 and B6.4 blastomeres were
isolated approximately 30 – 0 min before the next cleav-
age, some B6.2 and B6.4 partial embryos became Mch-3
positive (Fig. 3A). Figure 3B shows some B7.3 and B7.7
presumptive-mesenchyme blastomeres that were iso-
lated from the 64-cell embryos. To aid understanding, we
will refer to the stage when some blastomeres, such as
B7.3, enter the seventh generation as the 64-cell stage.
Strictly speaking, cell divisions are not synchronous at
the stage, and embryos reach the 64-cell stage a little
later. When the B7.3 and B7.7 blastomeres were isolated
relevant to the mesenchyme lineage. The tree starts from the B
development is bilaterally symmetrical, one side of the embryo is
in blastomere isolation experiments are indicated in parentheses be
blastomeres that show autonomous formation of mesenchyme cells
FIG. 2. Expression of the Mch-3 (A–I) and Mch-1 (J–N) antigens v
from manually isolated presumptive-mesenchyme blastomeres at th
above the photomicrographs. Arrows indicate expression of th
presumptive-mesenchyme blastomeres at the 32-cell stage (B6.2 a
Expression of the Mch-3 antigen was also not observed in the B5.2
in the B6.2 partial embryos (L). Scale bars, 50 mm.antibody. The Mch-3 antibody specifically recognized small particles in
(I) Parasagittal section. Higher magnification of a mesenchyme cluster.
Copyright © 1999 by Academic Press. All rightt the early 64-cell stage, approximately 60% of the
artial embryos expressed the Mch-3 antigen. When
solation was done at the late 64-cell stage, over 80% of
he partial embryos expressed the Mch-3 antigen. Figure
summarizes the results of isolation during the 32- and
4-cell stages (green lines). The proportion of Mch-3-
ositive partial embryos gradually increased as the isola-
ion was carried out at later stages.
These results indicate that presumptive-mesenchyme
lastomeres at the late 32-cell stage began to acquire the
bility to differentiate autonomously approximately 30 min
efore the next cleavage, and the process was completed by
he late 64-cell stage.
blastomere, which is the ancestor of all mesenchyme cells. As
n. The proportions of Mch-3-positive partial embryos determined
the mesenchyme-lineage blastomeres. Green rectangles signify the
I) Immunohistochemical staining of tadpole larvae with the Mch-3
ized by immunofluorescence in partial embryos that were derived
to 110-cell stages. The names of the isolated blastomeres are shown
ch-3 and Mch-1 antigens. Partial embryos derived from the
6.4) did not express the mesenchyme-specific antigens (C, G, L).
al embryos (F). Expression of the Mch-1 antigen was not observed4.1
show
low
. (H,isual
e 8-
e M
nd Ball mesenchyme cells. (H) Frontal section. Anterior is to the right.
Scale bars, 50 mm.
s of reproduction in any form reserved.
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14 Kim and NishidaFIG. 3. Timetable and results of experiments involving the isolation of presumptive-mesenchyme blastomeres at various times during the
2-cell stage (A) and the 64-cell stage (B). (A) The B6.2 and B6.4 blastomeres were isolated from the 32-cell embryos at intervals of 10 min.
elative time zero corresponds to the time of formation of the B6.2 blastomeres. Isolation of the B6.2 and B6.4 blastomeres was initiated
t relative time 10 min. The B6.2 and B6.4 blastomeres have the fates to become both mesenchyme and muscle. Above the horizontal line,
he number of partial embryos that expressed the mesenchyme-specific Mch-3 antigen is divided by the total number of partial embryos
xamined. Below the horizontal line, the number of partial embryos in which all constituent cells expressed the muscle-specific Mu-2
ntigen is divided by the total number of partial embryos examined. The B6.2 and B6.4 presumptive-mesenchyme blastomeres begin to
cquire the ability to differentiate autonomously, approximately 30 min before the next cleavage. (B) The B7.3 and B7.7 blastomere were
solated at the early and late 64-cell stages. The B7.3 and B7.7 blastomeres are mesenchyme-lineage daughter cells of B6.2 and B6.4,
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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15Specification of Ascidian Mesenchyme CellsAn Intercellular Signal from Presumptive–
Endoderm Blastomeres Is Required for the
Formation of Mesenchyme Cells
To examine in detail the requirement for cellular interac-
tion in the specification of mesenchyme cells and to identify
the inducer of mesenchyme formation, the B6.2 or B6.4
blastomere was coisolated together with one of its adjacent
blastomeres at the early 32-cell stage. The results are summa-
rized in Table 2 and Figs. 5A–5C. In the vegetal hemisphere,
the B6.2 mesenchyme precursor is surrounded by the A6.3,
respectively. Above and below the horizontal line, the number of p
a part of the embryos is divided by the total number of partial em
partial embryos that originated from manually isolated presumptiv
B6.2 (C, D) and B7.3 (E, F) blastomeres were isolated from 32- and 6
were isolated from the 32- and 64-cell embryos, respectively. (C, G)
expressed the Mu-2 antigen in all constitutive cells. (D, H) The Mu-
derived from isolates at the late 32-cell stage. (E, I) Some partial emb
FIG. 4. Results of experiments involving the isolation of presump
64-cell stage (broken lines). Formation of mesenchyme and muscle
antigens, respectively. Green lines indicate the proportion of B6.2,
Blue solid lines indicate the proportion of B6.2 and B6.4 partial em
broken lines indicate the proportion of Mu-2-positive B7.3 and
asynchronous a little. There is delay in the cell cycle of the B6.4 bthe Mu-2 antigen, even though the isolated blastomeres did not have
at the late 64-cell stage never expressed the Mu-2 antigen. Scale bar,
Copyright © 1999 by Academic Press. All rigB6.1, and B6.4 blastomeres, while in the animal hemisphere it
is adjacent to the b5.3 blastomeres (Figs. 1C, 5A, and 5B). When
a B6.2 blastomere was coisolated with a B6.1 blastomere,
namely, a presumptive-endoderm blastomere, formation of
mesenchyme cells occurred in 86% of cases (Fig. 5D). When a
B6.2 blastomere was coisolated with an A6.3 blastomere, the
resulting partial embryos also expressed the Mch-3 antigen in
84% of cases (Fig. 5E). The A6.3 blastomeres also have the fate
to become endoderm. Coisolation of B6.2 blastomeres with
blastomeres of the animal hemisphere (b5.3 and its daughters,
ial embryos that expressed the Mch-3 and Mu-2 antigens at least in
os examined, respectively. (C–J) Expression of the Mu-2 antigen in
esenchyme blastomeres, as visualized by immunofluorescence. The
ell embryos, respectively. The B6.4 (G, H) and B7.7 (I, J) blastomeres
ial embryos that were derived from isolates at the early 32-cell stage
tibody stained only a half portion of these partial embryos that were
s that were derived from isolates at the early 64-cell stage expressed
e-mesenchyme blastomeres at the 32-cell stage (solid lines) and the
s was examined by detecting the expression of the Mch-3 and Mu-2
4, B7.3, and B7.7 partial embryos that expressed the Mch-3 antigen.
s in which every constituent cell expressed the Mu-2 antigen. Blue
.7 partial embryos. At the 32-cell stage, the cleavages become
tomeres compared to that of the B6.2 blastomeres.art
bry
e-m
4-c
Part
2 an
ryotiv
cell
B6.
bryoa muscle fate. (F, J) Partial embryos that were derived from isolates
50 mm.
hts of reproduction in any form reserved.
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16 Kim and Nishidab6.5 and b6.6) and another presumptive-mesenchyme blas-
tomere (B6.4) resulted in no expression of the Mch-3 antigen
(Figs. 5F and 5J).
Another mesenchyme precursor, the B6.4 blastomere, is
surrounded by the B6.1, B6.2, and B6.3 blastomeres in the
vegetal hemisphere, and in the animal hemisphere is lo-
cated adjacent to the b6.7 blastomere (Figs. 1C, 5A, and 5C).
Most of the B6.4 blastomeres coisolated with the B6.1
blastomeres expressed the mesenchyme-specific antigen
(Fig. 5G). By contrast, coisolation with all nonendoderm
blastomeres did not result in formation of mesenchyme
cells (Figs. 5H–5J). These results support the idea that
cellular interaction is required for mesenchyme formation
and that neighboring presumptive-endoderm blastomeres
produce the signal.
Results of recombination of two separately isolated blas-
tomeres (summarized in Table 2) further supported this
idea. The results of recombination experiments were simi-
lar to those of the coisolation experiments (Figs. 5K and 5L),
although the proportion of positive specimens was rela-
tively lower. Thus, it was confirmed that cellular interac-
tion with adjacent presumptive-endoderm blastomeres is
required for specification of mesenchyme cells during as-
cidian embryogenesis.
Suppression of Muscle Fate by Cellular Interaction
Is Required for Specification of Mesenchyme Fate
Differentiation of mesenchyme cells was rarely observed in
the B6.2 and B6.4 partial embryos when isolation was carried
TABLE 2
Expression of the Mesenchyme-Specific Antigen in Coisolated and
Coisolated or recombined blastomeresa
Partial embryos that
antigen/examined em
experi
B6.2 1 B6.1 (endoderm) 36/42
B6.2 1 A6.3 (endoderm and TLCs) 32/38
B6.2 1 b6.5d (epidermis etc.) 0/4
6.2 1 b6.6d (epidermis) 0/12
6.2 1 b5.3d (epidermis etc.) 0/33
6.2 1 B6.4 (muscle and mesenchyme) 0/27
B6.4 1 B6.1 (endoderm) 25/35
B6.4 1 B6.3 (muscle etc.) 0/17
B6.4 1 b6.7 (epidermis) 0/19
a The presumptive-mesenchyme blastomeres are indicated to th
shown to the right of 1 with their main fates in parentheses.
b The presumptive-mesenchyme blastomeres and the adjacent b
hen expression of the Mch-3 antigen was examined.
c The presumptive-mesenchyme blastomeres and the adjacent bl
immediately recombined and cultured, and then expression of the
d The b5.3 blastomere divides into b6.5 and b6.6 blastomeres. Cle
he B5.1 blastomere. TLCs, trunk lateral cells. N.D., not determinout at the early 32-cell stage. We therefore investigated
whether these mesenchyme-precursor blastomeres differenti-
l
a
Copyright © 1999 by Academic Press. All rightted into other kinds of tissue in the absence of mesenchyme
ifferentiation. The major fates of both B6.2 and B6.4 blas-
omeres are mesenchyme and muscle (Fig. 1G). Therefore, the
6.2 and B6.4 partial embryos were examined for expression of
he ascidian myosin heavy chain using the Mu-2 antibody
Fig. 3A). Interestingly, all constituent cells of the partial
mbryos expressed myosin in almost 100% of cases (Figs. 3C
nd 3G). The partial embryos never expressed endoderm-
pecific alkaline phosphatase activity (data not shown). Figure
summarizes the results of experiments involving the isola-
ion of presumptive-mesenchyme blastomeres at various
imes at the 32-cell stage and the 64-cell stage (blue lines).
hen the B6.2 and B6.4 blastomeres were isolated approxi-
ately 30 min before the next cleavage, the proportion of
artial embryos in which all constituent cells were muscle
ells began to decrease. The proportion was 31 and 57% just
efore the next cleavage, respectively (Figs. 3A and 4). In the
ther specimens, only half of the constituent cells expressed
yosin, as expected from their fate (Figs. 3D and 3H).
The expression of myosin in partial embryos derived from
solates at the early and late 64-cell stage was then exam-
ned (Figs. 3B and 4). After the sixth cleavage, the fate of
7.7 blastomeres already is restricted to formation of mes-
nchyme cells, whereas that of the B7.3 blastomeres is the
esenchyme and notochord. The ability to become muscle
ells was divided to their daughter cells, the B7.4 and B7.8
lastomeres, respectively (Fig. 1G). Although the B7.3 and
7.7 partial embryos still expressed myosin in 35 and 29%
f cases, respectively, the isolated blastomeres no longer
ossessed a muscle fate (Figs. 3E and 3I). By contrast, after
ombined Blastomeres
essed the Mch-3
os in coisolation
tsb
Partial embryos that expressed the Mch-3
antigen/examined embryos in
recombination experimentsc
) 7/35 (20%)
) N.D.
N.D.
) N.D.
) 0/17 (0%)
) 0/12 (0%)
) 4/26 (15%)
) N.D.
) 0/13 (0%)
ft of 1, while coisolated or recombined adjacent blastomeres are
meres were coisolated at the early 32-cell stage and cultured, and
ers were separately isolated at the early 32-cell stage. They were
-3 antigen was examined.
e of the b5.3 blastomere occurs approximately 20 min after that ofRec
expr
bry
men
(86%
(84%
(0%)
(0%
(0%
(0%
(71%
(0%
(0%
e le
lasto
astomate isolation at the 64-cell stage, no expression of the Mu-2
ntigen was observed (Figs. 3F and 3J). These results indi-
s of reproduction in any form reserved.
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AIG. 5. (A) Schematic diagram illustrating the relative position of blastomeres relevant to coisolation and recombination experiments at
he 32-cell stage. The presumptive-mesenchyme blastomeres are indicated in green. Various neighboring blastomeres in the 32-cell embryo
re shown. Broken line marks the middle line of the embryo. See Fig. 1C for reference to the whole embryo. The b5.3 and b6.7 blastomeres
re cells in the animal hemisphere. (B) The B6.2 blastomere (mesenchyme lineage) was coisolated with each of the neighboring blastomeres,
nd the results are shown as percentages. Inferred inducer blastomeres of mesenchyme are indicated in yellow. (C) The B6.4 blastomere
mesenchyme lineage) was coisolated with each of the neighboring blastomeres and the results are shown as percentages. (D–J) The B6.2
r B6.4 blastomere was coisolated with various neighboring blastomeres that are indicated to the right of 1 above each photomicrograph.
rrows indicate expression of the Mch-3 antigen in partial embryos. (K, L) Resulting partial embryos of recombination. Scale bar, 50 mm.
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18 Kim and Nishidacate that mesenchyme precursor blastomeres develop into
muscle cells without cellular interaction with presump-
tive-endoderm blastomeres. Therefore, suppression of
muscle fate in the presumptive-mesenchyme blastomeres
occurs as a result of cellular interaction that occurs during
the 32- and early 64-cell stage and is completed at the late
64-cell stage.
Expression of the Muscle Actin Gene Is
Immediately Down-Regulated by Cellular
Interaction in Presumptive-Mesenchyme
Blastomeres
FIG. 6. Expression of the HrMA4 muscle actin transcripts, as visu
stage, HrMA4 started to be expressed in the nuclei of B6.2 blastom
(white arrowheads) and B7.8 (arrows) muscle-lineage blastomeres, b
blastomeres (demarcated by broken lines and black arrowheads). (C
B6.2 blastomere was isolated at the early 32-cell stage, cultured un
situ hybridization. HrMA4 signals were detected in both daughter
B6.2 blastomere) were isolated together at the late 64-cell stage and
to be the B7.3 blastomere does not express detectable transcripts oThe muscle actin gene (HrMA4) is specifically expressed
in larval muscle cells of Halocynthia (Kusakabe et al.,
a
c
Copyright © 1999 by Academic Press. All right991). Satou et al. (1995) reported that the expression of
rMA4 is precociously initiated at the 32-cell stage in the
6.2 blastomere pair before the fate-restricted stage (Fig.
A). As shown in Fig. 1G, the B6.2 blastomere
mesenchyme–muscle precursor) divides into the B7.3 (mes-
nchyme precursor; Fig. 6B, black arrowheads) and B7.4
muscle precursor; Fig. 6B, white arrowheads) blastomeres.
t the 64-cell stage, the signal was observed only in the
7.4 blastomeres, and not in the B7.3 blastomeres. The B7.8
lastomeres, which are muscle precursors in another lin-
age, began to show HrMA4 expression at the 64-cell stage
Fig. 6B, arrows). Satou et al. (1995) have also shown that
he myosin heavy chain gene is expressed in the same way
d by in situ hybridization. (A, B) Whole embryos. (A) At the 32-cell
(B) At the late 64-cell stage, signals were detected only in the B7.4
e expression was down-regulated in the B7.3 mesenchyme-lineage
lled partial embryo that originated from the B6.2 blastomere. The
ntrol embryos reached the late 64-cell stage, and then fixed for in
tomeres. (D) The B7.3 and B7.4 blastomeres (two daughters of the
fixed immediately. A blastomere (black arrowhead) that is likely
MA4. Scale bars, 50 mm.alize
eres.
ut th
) 2-ce
til co
blass the actin gene. These observations indicate that preco-
ious expression of muscle-specific genes starts in the B6.2
s of reproduction in any form reserved.
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19Specification of Ascidian Mesenchyme Cellsmesenchyme–muscle precursor blastomeres of 32-cell em-
bryos before developmental fate is restricted to muscle
cells, and that the expression is down-regulated in
mesenchyme-lineage daughter blastomeres at the 64-cell
stage.
To investigate the involvement of cellular interaction in
this process, the B6.2 (mesenchyme–muscle) blastomeres
were isolated from early 32-cell embryos and cultured until
control embryos reached the late 64-cell stage, and then
they were fixed for in situ hybridization. The results are
summarized in Table 3. In the 2-celled partial embryos,
both blastomeres expressed HrMA4 transcripts (Fig. 6C) in
9% of cases. In control experiments, the two daughter B7.3
nd B7.4 blastomeres were isolated together at the late
4-cell stage and immediately fixed. In this case, only one of
he two constituent blastomeres expressed HrMA4 tran-
cripts (Fig. 6D) in 100% of cases. Partial embryos hybrid-
zed with the sense probe did not show signal levels that
xceeded the background (data not shown). These results
uggest that cellular interaction from the 32-cell stage to
he early 64-cell stage causes immediate down-regulation of
he muscle-specific gene in presumptive-mesenchyme blas-
omeres. This directly confirms the idea that cellular inter-
ction suppresses muscle fate in mesenchyme precursor
lastomeres.
DISCUSSION
Cellular Interaction Is Involved in Specification of
Mesenchyme Cells
The results of isolation of embryonic cells and of the
coisolation and recombination of blastomeres showed that
mesenchyme formation is not an autonomous process and
that cellular interaction is required for formation of mesen-
chyme cells. When presumptive-mesenchyme blastomeres
TABLE 3
Expression of Muscle Actin Transcripts in Partial Embryos
Blastomeres n
Partial embryos that expressed
actin transcripts
Both
blastomeres
One
blastomere
B6.2a 19 17 (89%) 2 (11%)
B7.3 and B7.4b 16 0 (0%) 16 (100%)
Note. The expression of HrMA4 (muscle actin gene) was exam-
ned by in situ hybridization.
a The B6.2 blastomeres were isolated at the early 32-cell stage
nd cultured until control embryos reached the late 64-cell stage.
b The B7.3 and B7.4 blastomeres were isolated together at the late
4-cell stage and fixed immediately.were isolated after approximately 30 min prior to the sixth
cleavage, some partial embryos began to show mesenchyme
Copyright © 1999 by Academic Press. All rightormation (Fig. 3A). Therefore, it is likely that cellular
nteraction starts at the 32-cell stage and is completed by
he late 64-cell stage, at which time the most of the isolated
resumptive-mesenchyme blastomeres can develop au-
onomously into mesenchyme cells.
Cellular interaction in ascidian embryos can be analyzed
t the single-cell level. The results of coisolation experi-
ents revealed that the presumptive-endoderm blas-
omeres (B6.1 and A6.3) have the ability to induce mesen-
hyme formation, whereas cells in the animal hemisphere
nd presumptive-mesenchyme blastomeres themselves do
ot have this ability. The results of recombination experi-
ents further support the results of the coisolation experi-
ents. Therefore, a factor originating from presumptive-
ndoderm blastomeres is required for specification of
esenchyme cells. However, the identity of the signaling
olecules participating in this cellular interaction is ob-
cure. Nakatani et al. (1996) reported that bFGF can pro-
ote formation of the notochord in ascidians. Therefore,
reatment of isolated mesenchyme precursor blastomeres
ith possible growth factors may provide further informa-
ion about the nature of the cellular interaction that speci-
es the fate of mesenchyme cells.
Isolation of mesenchyme-lineage blastomeres before the
6-cell stage (B4.1 and B5.1, but not B5.2) resulted in the
ormation of mesenchyme cells (Fig. 1G). On the basis of
he autonomous development of blastomeres of eight-cell
mbryos, it was previously thought that mesenchyme for-
ation is an autonomous process (Reverberi and Minganti,
946; Araki et al., 1996). However, it is likely that cellular
nteraction occurred within the partial embryos in these
ases because the descendants of the B4.1 and B5.1 blas-
omeres also contain an inducer blastomere that is an
ndoderm precursor, B6.1 (Fig. 1G, colored yellow). There-
ore, we consider that autonomous development of early
lastomeres does not always mean autonomy of tissue
ifferentiation.
Stage of Determination and Fate Restriction in
Presumptive-Mesenchyme Blastomeres
Detailed temporal analysis involving isolation of
mesenchyme-lineage blastomeres at various times during
the 32-cell stage suggested that the blastomeres start to
acquire the ability for autonomous development during the
32-cell stage in about half of cases, indicating that some
processes are occurring during the 32-cell stage (Figs. 3 and
4). However, the developmental fate of presumptive-
mesenchyme blastomeres at the 32-cell stage is not yet
restricted exclusively to mesenchyme (Fig. 1G). At the
32-cell stage, the B6.2 blastomeres have mesenchyme,
muscle, and notochord fate, and the B6.4 blastomeres have
mesenchyme and muscle fate. Some processes of mesen-
chyme specification related to cellular interaction precede
fate restriction. Similar cases have also been reported dur-
ing ascidian embryogenesis. In the induction of the noto-
chord, inductive interaction also occurs at the 32-cell stage,
s of reproduction in any form reserved.
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20 Kim and Nishidaone cell cycle before the point at which the developmental
fate of induced blastomeres becomes restricted to the noto-
chord (Nakatani and Nishida, 1994). Similar examples have
also been suggested in the development of sensory pigment
cells and secondary muscle cells in ascidian embryos
(Nishida, 1996). In these cases, cellular interactions polarize
the mother cells and cause asymmetric cell divisions, so
that only one of the daughter cells acquires the ability to
give rise to a certain cell type. Presumably, the inductive
influences cause localized changes in the mother cells.
Suppression of Muscle Fate by Cellular Interaction
in Mesenchyme Formation
The mesenchyme-muscle precursor blastomeres (B6.2
and B6.4) isolated from early 32-cell embryos failed to
develop into mesenchyme cells, and all descendants differ-
entiated into muscle cells that expressed the myosin heavy
chain. Moreover, some presumptive-mesenchyme blas-
tomeres (B7.3 and B7.7) isolated from early 64-cell embryos
still developed into muscle-partial embryos, even though
the isolated blastomeres no longer had a muscle fate (Figs. 3
and 4). These results suggest that part of the cellular
FIG. 7. Summary of events at the 32- and 64-cell stages. Expr
esenchyme precursor blastomeres at the 32-cell stage. After cell d
he late 64-cell stage through cellular interaction with the endo
recursors continues. The myosin gene is known to show the sa
muscle–mesenchyme precursors at the 32-cell stage, but the express
Bra, Brachyury homolog.interaction is suppression of muscle fate in presumptive-
mesenchyme blastomeres.
Copyright © 1999 by Academic Press. All rightExperiments involving detection of muscle actin tran-
cripts by in situ hybridization at the 64-cell stage sup-
orted and extended this idea (Fig. 6). In normal develop-
ent, expression of the muscle actin gene is precociously
nitiated at the 32-cell stage and then down-regulated in
resumptive-mesenchyme blastomeres (Satou et al., 1995).
In ascidian embryos, muscle fate is specified by localized
ooplasmic muscle determinants (Nishida, 1992). Previ-
ously, the interpretation of this pattern of actin gene
expression was that the muscle determinants start to affect
gene expression at the 32-cell stage and are then partitioned
only into muscle precursors at the 64-cell stage, continu-
ously activating the actin gene. On the other hand, mesen-
chyme precursors do not inherit muscle determinants, and
the actin gene may be silenced. However, this is not the
case. The present study has shown that when isolated at the
early 32-cell stage, mesenchyme precursors continue to
express the muscle actin gene. It is likely that expression of
the genes for actin and also myosin in mesenchyme precur-
sors is immediately down-regulated through cellular inter-
action with adjacent endoderm precursor blastomeres dur-
ing the 32- and early 64-cell stages (Fig. 7). Muscle
determinants are probably also present in mesenchyme
n of the muscle actin gene starts precociously in the muscle-
on, the expression is suppressed in the mesenchyme precursors at
precursor. Expression of the muscle actin gene in the muscle
xpression pattern. Expression of the snail homolog starts in the
ontinues in both the daughter blastomeres at the late 64-cell stage.essio
ivisi
derm
me eprecursor blastomeres.
Suppression of muscle fate seems to be an important
s of reproduction in any form reserved.
d pro
21Specification of Ascidian Mesenchyme Cellsprocess in the formation of mesenchyme cells. It is possible
that suppression of muscle fate is enough to allow cells to
choose an alternative mesenchyme pathway. Another pos-
sibility is that suppression of muscle fate and promotion of
mesenchyme formation are distinct processes mediated by
distinct signals originating from the endoderm precursors.
At present, however, it is difficult to determine which of
these possibilities is likely.
Mesoderm Patterning during Ascidian
Embryogenesis
To complete our analysis of mesenchyme specification in
the posterolateral marginal zone, the total sum of events
involved in mesodermal patterning in ascidian embryos can
now be summarized. Figure 8 shows mesodermal pattern-
ing in the marginal zone of the ascidian vegetal hemisphere.
In the anterior marginal zone, a signal from presumptive-
endoderm blastomeres induces notochord formation (Naka-
tani and Nishida, 1994). Treatment of isolated notochord
precursor blastomeres with bFGF induces expression of the
Brachyury homolog, resulting in notochord formation (Na-
katani et al., 1996). The Ras signaling cascade is involved in
this process (Nakatani and Nishida, 1997). Brachyury ex-
pression is essential for specification of the notochord
(Yasuo and Satoh, 1998). The posterior egg cytoplasm in-
hibits notochord formation in the posterior marginal zone
FIG. 8. Mesoderm patterning in the vegetal hemisphere of the a
blastomeres induce notochord formation. In the posterior margina
to exert their influence in the light-red zone at the 32- and 64-
blastomeres, every blastomere in the light-red zone develops into m
from presumptive-endoderm blastomeres suppresses muscle fate an
trunk ventral cell.(Nishida, 1994). Recent studies have shown that this inhi-
bition is mediated by zygotic expression of the snail ho-
Copyright © 1999 by Academic Press. All rightmolog (Corbo et al., 1997; Fujiwara et al., 1998). snail
expression starts in the mesenchyme-muscle precursor
blastomeres at the 32-cell stage (Fig. 7), and the product
binds to the negative cis-elements of the Brachyury gene to
suppresses Brachyury expression in the posterior marginal
zone. In the lateral marginal zone, trunk lateral cell (TLC)
precursors exist. The TLC fate is specified by influence
from blastomeres in the animal hemisphere (Kawaminami
and Nishida, 1997).
In the posterior marginal zone, the developmental fate of
muscle is determined by cytoplasmic determinants local-
ized in the posterior egg cytoplasm (Nishida, 1992). It is
likely that muscle determinants begin to exert their influ-
ence on the expression of muscle-specific genes, such as
those of actin and myosin, at the 32-cell stage, at least in
B6.2 presumptive-mesenchyme–muscle blastomeres. snail
expression might also be triggered by the muscle determi-
nants (Erives et al., 1998). The present study has shown that
the signal from endoderm precursors inhibits muscle fate
and promotes mesenchyme formation in the posterolateral
region. The posterior region contains precursors of the
trunk ventral cells (TVC). When the TVC precursors were
isolated at the early cleavage stage, the isolates also devel-
oped into muscle cells (Nishida, unpublished data). There-
fore, in the light-red zone in Fig. 8, all blastomeres, namely
muscle, mesenchyme, and TVC precursors, assume a
muscle fate without any signal from endoderm precursors
n embryo. In the anterior marginal zone, presumptive-endoderm
e, cytoplasmic determinants for muscle formation probably begin
stages. Without cellular interaction with presumptive-endoderm
e cells. In presumptive-mesenchyme blastomeres (Mes.), the signal
motes mesenchyme fate (Mes. Fate). TLC, trunk lateral cell; TVC,scidia
l zon
cell
usclin isolation. Muscle determinants may be distributed in all
these blastomeres and can emanate their influence in them.
s of reproduction in any form reserved.
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22 Kim and NishidaThus, intercellular signal(s) from endoderm precursors play
important roles in ascidian mesodermal patterning. Ante-
rior notochord precursors and posterolateral mesenchyme
precursors respond differently to the endoderm signal(s).
One possibility is that anterior and posterior endoderm
precursors have different characteristics, and produce dif-
ferent signals. An alternative and more fascinating possibil-
ity is that muscle determinants and/or zygotic expression of
snail in mesenchyme precursors produce the difference in
these responding blastomeres (Fig. 7). If this is the case,
then both maternal cytoplasmic factors and cellular inter-
action are required for mesenchyme specification. These
possibilities need to be addressed in future studies.
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